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resistance phenotypes [7, 8]. They possess a readily
inactivated antitoxin, the levels of which are not replen-
ished in plasmid-free segregants, and this reduction in
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Ramon Dı´az-Orejas,2 and John B. Rafferty1,4 the levels of antitoxin results in activation of the relatively
stable toxin protein that kills these cells.1Krebs Institute for Biomolecular Research
Department of Molecular Biology and The E. coli plasmid R1 contains an operon, parD (kis,
kid), that encodes a protein-based toxin-antitoxin sys-Biotechnology
University of Sheffield tem [9, 10]. The antitoxin Kis (killing suppressor; 85
amino acids) and the toxin Kid (killer determinant; 110Western Bank
Sheffield S10 2TN amino acids) coordinately regulate the parD operon [11].
Kid, in addition to its role as coregulator of the system,United Kingdom
2 Department of Molecular Microbiology can inhibit DNA replication. This activity was first sug-
gested by the capacity of Kid to inhibit lytic inductionCentro de Investigaciones Biolo´gicas
Velazquez 144 of a lambda prophage [12] and was further supported
by the ability of the purified Kid protein to specificallyE-28006 Madrid
Spain inhibit ColE1 replication at the initiation stage [13]. The
replicative helicase DnaB is implicated in Kid action, as3 Bijvoet Center for Biomolecular Research
Utrecht University a multicopy dnaB recombinant that moderately overex-
presses this protein protects cells from the toxic actionPadualaan 8
3584 CH Utrecht of Kid [13]. However, the detailed mechanisms of inhibi-
tion of ColE1 replication by Kid and the correlation be-The Netherlands
tween this activity and the toxicity of this protein remain
to be determined. Kid forms a strong complex with its
antitoxin, the Kis protein, with a 1:1 ratio [13]. Kid-KisSummary
interactions are probably required to neutralize both the
toxicity and DNA replication inhibitory activities of KidWe have determined the structure of Kid toxin protein
from E. coli plasmid R1 involved in stable plasmid in- and to form an efficient repressor of the parD operon
[11, 13].heritance by postsegregational killing of plasmid-less
daughter cells. Kid forms a two-component system The parD system is perfectly conserved in plasmid
R100 (pem system [14]) and has two homologous sys-with its antagonist, Kis antitoxin. Our 1.4 A˚ crystal
structure of Kid reveals a 2-fold symmetric dimer that tems in the E. coli chromosome: the chpA/mazEF and
chpB systems [15, 16]. Homologous systems to parDclosely resembles the DNA gyrase-inhibitory toxin pro-
tein CcdB from E. coli F plasmid despite the lack of are found in the chromosomes of many other eubacteria,
including important human pathogens, where they mayany notable sequence similarity. Analysis of nontoxic
mutants of Kid suggests a target interaction interface contribute, under stress conditions, to the survival of
their bacterial host [1, 17]. The homologies found sug-associated with toxicity that is in marked contrast to
that proposed for CcdB. A possible region for interac- gest similar arrangements of functional regions in the
toxin and antitoxin proteins of these systems, and thistion of Kid with the antitoxin is proposed that overlaps
with the target binding site and may explain the mode has been confirmed for the antitoxins of the parD, chpA,
and chpB systems [18].of antitoxin action.
The parD (kis, kid) system and the ccd (ccdA, ccdB)
toxin-antitoxin system of plasmid F [19, 20] also have aIntroduction
similar genetic organization. A proposal that they may
derive from a common ancestor is supported by theToxin-antitoxin systems have been found in bacterial
plasmids as well as in the chromosomes of bacteria and homologies found at the amino- and carboxy-terminal
regions of their antitoxins [20]. However, sequencearchaea [1]. The study of these systems has provided
fundamental information on the genetic stability of extra- alignments do not show clear homologies between the
toxins, and a functional analysis shows that the Kidchromosomal genetic elements [2], on their competition
in the host [3], on the bacterial response to starvation toxin, unlike CcdB, fails to trigger the SOS response [12],
which may reflect the difference in intracellular target.and other stress conditions [1, 4, 5], and on the sensitiv-
ity of bacteria to particular toxins or antibiotics [6]. In CcdB targets the GyrA subunit of the bacterial topo-
isomerase II, DNA gyrase [21, 22]. The crystal structureaddition, these systems have considerable biotechno-
logical, clinical, and environmental interest with respect of the CcdB toxin dimer has been obtained [23] and it
has been proposed that, following the opening of theto the manner in which they maintain the inheritance of
certain plasmids that can result, for example, in drug head dimer interface of GyrA, a CcdB dimer binds into
the central hole of the 59 kDa N-terminal fragment of
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GyrA. In this modeled complex, the C-terminal helices tion as calculated via the program AREAIMOL is 1300 A˚2
per monomer (20%). The primary difference in theof the toxin and the primary dimerization interface of
GyrA interact. This model is consistent with genetic anal- structure of the two monomers in the asymmetric unit
resides in the conformations adopted by the 3 C-ter-ysis that shows that the last three amino acids of the
C-terminal  helix of CcdB and Arg462, at the primary minal residues, and the rmsd is reduced to 0.4 A˚ if they
are not included in the superimposition. The dimer inter-dimerization interface of GyrA, are involved in CcdB-
GyrA interactions [21, 22, 24]. The region of CcdB that face is most notably formed by extension of the twisted
 sheet via main chain hydrogen bonds between resi-interacts with its antidote, CcdA, has been identified by
protease protection experiments [25] and corresponds dues in the 7 strands (Figures 1A and 2B). There are
a further three pairs of intermonomer bonding contactsto a surface exposed loop on the molecule [23].
Here we present both the crystal structure of the Kid that involve side chains and main chains, and they link
the N and C termini of the monomers and the loopprotein to 1.4 A˚ resolution and a functional analysis of
the structure based on sequence and mutation studies. between 1 and 2 to the turn between 6 and 7.
Further solvent-mediated and van der Waals interac-We describe the isolation of nontoxic mutants of Kid
that point to structural elements involved in toxicity. We tions supplement these contacts across the interface.
No interpretable electron density was observed for thealso report the surprising finding that the structure of
the Kid toxin resembles that of CcdB. The analysis pre- loops between 3 and 4 formed by residues Gly48 to
Phe51 in monomer A and Gly48 to Ala52 in monomer Bsented indicates that the specific regions involved in
toxicity are likely to be different in these proteins. The (Figure 2B).
data support the hypothesis of a common evolutionary
origin for the parD and ccd toxin-antitoxin systems. Sequence Conservation within
the Kid/pemK Family
We have performed a structure-based sequence align-Results and Discussion
ment of available Kid homologs in the SwissProt data-
base (December, 2001; Figure 3A) through a combina-Crystal Structure of Kid
tion of initial automated alignment using the programKid protein was prepared and crystallized as described
ClustalX and further editing by hand, and used this toelsewhere [26]. The crystal structure of Kid was solved
highlight the location of conserved residues (Figures 2Cat 1.4 A˚ using the multiple wavelength anomalous dis-
and 2D). In this alignment of 21 Kid/pemK-like se-persion methodology (MAD) from a single crystal of sele-
quences, we can detect the strongest conservation ofnomethionine-incorporated protein. A monomer of Kid
residues toward the N- and C-terminal regions of thehas overall dimensions of approximately 30 A˚  30 A˚ 
protein. When the positions of the completely conserved30 A˚ and the main feature of its fold is a five-stranded,
(Arg23 and Asn34) and highly conserved (70%; Arg3,twisted antiparallel  sheet formed by the first three and
Gly4, Pro13, Gly16, Glu18, Gln19, Gly21, Pro24, Val42,last two of its seven  strands. The hydrophobic packing
Thr46, Val71, Gln76, Arg78, Asp81, Leu105, and Leu109)of residues from this sheet forms the core of the mono-
residues are plotted onto the structure of Kid, the major-mer. The fourth and fifth  strands and the C terminus
ity of the residues are located toward the surface of theof strand3 form an additional small antiparallel sheet.
molecule containing the loops between strands 1 andA 7 residue  helix (1) that resides between strands 2
2 as seen in Figures 2C and 2D. These residues areand 3 flanks the hydrophobic core and a 12 residue
either solvent exposed or make critical contacts thatC-terminal  helix (3) makes hydrophobic interactions
support the symmetry-related loops between 1 and 2with residues in the five-stranded sheet that are largely
in the dimer formed by residues Ser10 to Thr22. Theconserved among the family of Kid/pemK-like proteins.
remaining residues are located such that they help or-Between strands 4 and 5 there is an extended turn
chestrate key contacts from the N terminus and the corestabilized by bound solvent, and a short  helix (2) lies
of the protein to the C-terminal helix 3.between 6 and 7 (Figures 1A and 1B). The overall
solvent-accessible area for the monomer calculated us-
ing the program AREAIMOL [27] is 5800 A˚2 using a probe Structural Comparison with E. coli CcdB
The only significant structural homology to Kid revealedradius of 1.4 A˚.
In the crystal structure of Kid, there are two monomers by a search of the RCSB using the program PROTEP
[28] was found with the CcdB toxin protein from the E.in the asymmetric unit that are related by a noncrystallo-
graphic 2-fold rotation axis, resulting in the formation coli F plasmid (Protein Data Bank ID code 4VUB). The
sequence similarity between Kid and CcdB is very lowof a dimer with approximate dimensions of 30 A˚ 30 A˚
55 A˚. Analytical ultracentrifugation analysis of Kid in (11% identity; Figure 3A), but there is a striking structural
overlap (Figure 3B). The superimposition of 65 of the solution also indicates that it is dimeric (our unpublished
results). When viewed perpendicular to the 2-fold axis, carbon positions (59%) in a monomer of Kid with the
equivalent residues in a monomer of CcdB gives anthe resultant dimer has a noticeably flat surface on one
side formed mainly by the C-terminal 3 helices and a rmsd of 1.3 A˚ using the program LSQKAB. If the superim-
position is extended to incorporate the equivalent 126convex surface on the other (Figure 2A). Superimposi-
tion of the two monomers with the program LSQKAB  carbon positions from the dimers, an rmsd of 1.6 A˚ is
obtained and this higher value reflects the differences[27] gave a root-mean-square displacement (rmsd) for
105 equivalent C atoms (95%) from each monomer in the relative positions of the monomers within their
respective dimers. Examination of the location of the fewof 0.7 A˚ and the surface area buried upon the dimeriza-
Kid Toxin Protein of E. coli Plasmid R1
1427
Figure 1. The Fold of the Kid Toxin
(A) A ribbon representation of a dimer of Kid
highlighting monomers A and B colored red
and blue, respectively.  helices are shown
as coils and  strands are shown as arrows.
The secondary structure elements are
marked.
(B) A stereo C trace of the Kid monomer.
Every tenth C position is marked.
(C) A representative piece of electron density
at 1.4 A˚ from a final 2fofc map with the
model superimposed.
identical residues between Kid and CcdB (see Figure 3) charge observed on the face of CcdB containing its
C-terminal  helices (Figures 2E–2G). It is also clear thatshows the clustering of 3 residues (Arg23, Pro44, and
Ser47 in Kid) near a highly flexible loop region (Ser47 to the two C-terminal residues in CcdB implicated in the
interaction with gyrase are not present in Kid. The unex-Ala55 in Kid; Ser38 to Arg48 in CcdB; see Figures 2A
and 2B) that adopts a variety of conformations in the pected but striking structural similarity of Kid and CcdB
does prompt the suggestion that a similar target mightvarious crystal forms of CcdB. This loop region is impli-
cated in antitoxin binding (see Discussion). Despite the be involved in the action of the two proteins. However,
although this has not been completely ruled out in vivo,structural similarity, the electrostatic surface potentials
of the two toxin proteins are noticeably different in that assays involving purified Kid protein and E. coli cell
extracts in vitro do not show the expected extensiveKid does not show the pronounced electronegative
Structure
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Figure 2. The Kid Dimer
(A and B) The fold of the dimer. Helices are represented as coils (red) and  strands are represented as arrows (blue). The highly flexible
loops (Gly48-Phe51 monomer A and Gly48-Ala52 monomer B) missing in electron density maps are shown in orange. The loops implicated
in target recognition/inhibition are highlighted in green.
(A) The dimer of Kid viewed perpendicular to the noncrystallographic 2-fold axis.
(B) Stereo representation of a dimer of Kid viewed down the noncrystallographic 2-fold axis onto the convex face of the molecule.
(C and D) Representation of the Kid dimer highlighting the C positions of conserved residues (70% conservation) as green spheres and
mutations conferring loss of toxicity as blue spheres. Mutations marked as yellow spheres cause loss of toxicity and are also conserved
among the Kid family.
(C) View of the Kid dimer perpendicular to the noncrystallographic 2-fold axis.
(D) Stereo view of the Kid dimer looking along the noncrystallographic 2-fold axis as in (B).
(E–G) Representation of the surface charge distribution on the Kid dimer generated using the program GRASP [35], colored according to the
electrostatic potential due to full charges on the protein. Red, (ve) when less than 15 kcal mol.e1; blue, (ve) when greater than 15 kcal
mol. e1 (where e is the unit charge on an electron). The dimer used in this figure was constructed from a monomer that had been edited to
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relaxation of DNA supercoiling associated with DNA gyr- from two monomers that have a twisted antiparallel 
sheet at their core. The distinctly flat and convex oppo-ase inhibition [13].
site surfaces of the dimer around its 2-fold axis give rise
to a shape reminiscent of a turtle shell and might provideIdentification of Regions Involved in Toxicity
a means for precisely orientating the dimer with respectBased on Nontoxic kid Mutants
to its target molecule. There are also symmetrically re-Mutants of kid have been isolated that result in a non-
lated, highly flexible loops extending on either side oftoxic phenotype. The mutations are shown in Table 1
the protein formed by residues Ser47 to Arg53 remoteand Figure 3 and their locations in the structure of the
from the 2-fold axis that may have functional signifi-Kid dimer are highlighted in Figures 2C and 2D. It can
cance in antitoxin binding.be seen that the mutations cluster in the N- and C-ter-
The analysis of conservation of residues within theminal regions of the sequence and when analyzed in
Kid/pemK family gives some indication of the region(s)terms of the structure, they generally lie toward the con-
of Kid most likely to interact with its target molecule and/vex face of the protein, as seen in Figure 2D. The muta-
or its antitoxin, assuming the same target and similartions may involve one or more effects upon disruption
antitoxin binding interfaces among the family members.of ion pairs or hydrogen bonds (Glu18Lys, Thr29Ile,
Examination of the locations of these conserved resi-Arg73His, and Arg85Gln/Trp), hydrophobic packing in-
dues suggests that the region of the Kid protein ex-teractions (Val9Ile, Val25Met, and Arg85Gln/Trp), or
tending from the symmetry-related loops in the dimerchanges to the surface polarity/charge distribution of
formed by residues Ser10 to Thr22 through to the areaKid (Gly21Arg, Gly70Ser/Asp, Asp75Asn, and Asp81Asn).
around the loop formed by residues Ser47 to Arg53In addition, the isolated variants Gly21Arg and Gly70Ser/
might be the surface of the Kid protein that is mostAsp may have given rise to fundamental effects upon
involved in binding to its interacting partners (see Fig-loop conformation or stability as residues Gly21 and
ures 2A–2D). The sequence conservation also impliesGly70 have adopted main chain φ,  torsion angles
that it is critical to position the N-terminal residues ofthat are unfavorable for other residue types. Two of
Kid such that they are able to interact with the C-terminalthe mutants, Arg89Stop and Pro94Leu/Ser, are likely to
helix 3, and hence stabilize its orientation and the for-prevent or disrupt the conformation of the final helix
mation of the dimer interface.(3) and hence may disturb critical alignment of the
The data on the isolation of nontoxic Kid mutantsmonomers in the dimer. It is also possible that a number
strongly suggest that the interaction surface of Kid withof the mutations might simply result in misfolded, inacti-
its cellular target incorporates the loop between 1 andvated toxin. A more detailed analysis was carried out
2 (residues 10–22, shown in Figures 2A–2D) and possi-with five of these mutants (Val9Ile, Glu18Lys, Thr29Ile,
bly extends around the molecule to residues in strandGly70Ser, and Arg85Trp) chosen on the basis of their
5. This is in marked contrast to the proposed targetdistribution throughout the polypeptide. Three of the
interaction surface of the structurally homologous CcdBmutants, Val9Ile, Glu18Lys, and Arg85Trp, conserve the
protein (see below). Indeed, the size and orientation ofability of the wild-type protein to interact with the Kis
the loops in Kid that are thus implicated in its toxicityantidote and were purified by taking advantage of this
are not maintained in CcdB. Although only one of theproperty. The mutations maintain the ability of the Kid
isolated single-site mutations (G21R) that effect the tox-protein to act as a corepressor of the parD promoter
icity of Kid would result in the change of a side chain(our unpublished data). These functional activities sug-
directly exposed to solvent in the loop between 1 andgest that the fold of these Kid protein variants is very
2, the mutation of the other residues would be likelysimilar to that seen for wild-type protein. Conversely,
to alter or destabilize the surface shape of the Kid dimerthe intracellular levels of proteins carrying the Thre29Ile
and hence disrupt any interaction with a target protein.or Gly70Ser mutations are greatly reduced and accord-
The scarcity of single-site mutations in this region ofingly, these mutations affect both the toxicity and core-
gulatory activities of Kid (data not shown). The effects the surface may reflect a toxin-target interaction that
of the latter two mutations may result from misfolding involves predominantly main chain atoms in this region
that could make these proteins susceptible to intracellu- of Kid and does not rely on specific side chains. Alterna-
lar proteases. tively, the binding may be highly cooperative in this
region, and thus single residue changes may not yield
significantly impaired toxin proteins, unless larger struc-Discussion
tural changes arise in Kid such as those proposed for the
mutants isolated in our screen. Conversely, the mutantsOur structural studies on the Kid toxin protein have re-
vealed a compact, closely interwound dimer formed that give rise to changes in the solvent-exposed resi-
include all main and side chains present in the kid sequence. Inserted next to each figure is a GRASP representation of CcdB generated
using the same relative electrostatic surface potential cutoffs and displayed in the equivalent orientation. A marked difference in the surface
potential of Kid and CcdB is observed.
(E) The dimer of Kid viewed down the noncrystallographic 2-fold axis onto the planar face of the molecule.
(F) The dimer of Kid viewed perpendicular to the noncrystallographic 2-fold axis.
(G) The dimer of Kid viewed down the noncrystallographic 2-fold axis onto the convex face of the molecule. Highlighted with two ellipses are
the regions implicated in complementary charge interaction with the target molecule that arise from the charged surface residues Arg23,
Asp12, and Arg85.
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Table 2. Refinement StatisticsTable 1. Changes Found in kid Nontoxic Mutants
Overall resolution (A˚) 12–1.25Mutant Amino Acid Codon Change Frequency
Completeness to 1.4 A˚ (1.43–1.39 A˚) 87.6% (71.2%)
Kid7 W7Stop (TGG-TAG) 2/30 Completeness 1.4 A˚ to 1.25 A˚ (1.28–1.25 A˚) 40.1% (22.5%)
Kid9 V9I (GTC-ATC) 1/30 R factor (1.28–1.25 A˚) (%) 16.0 (24.0)
Kid18 E18K (GAG-AAG) 1/30 Rfree (1.28–1.25 A˚) (%) 18.2 (31.0)Kid19 Q19Stop (CAG-TAG) 3/30 Ramachandran plot
Kid21 G21R (GGA-AGA) 1/30 Most favored region (%) 91.2
Kid25 V25M (GTG-ATG) 1/30 Additional allowed (%) 8.8
Kid29 T29I (ACA-ATA) 2/30 Number of atoms 2041
Kid701 G70S (GGT-AGT) 3/30 Rms deviation from ideality
Kid70 G70D (GGT-GAT) 2/30 Bond lengths (A˚) 0.009
Kid73 R73H (CGT-CAT) 3/30 Rms angle (	) 1.136
Kid75 D75N (GAT-AAT) 1/30 Rms chiral (	) 0.071
Kid81 D81N (GAT-AAT) 2/30 Average B factor main chain 9.1
Kid851 R85Q (CGG-CAG) 2/30 Average B factor side chain 10.9
Kid852 R85W (CGG-TGG) 1/30 Average B factor solvent 23.8
Kid89 R89Stop (CGA-TGA) 3/30 Average B factor phosphate 20.3
Kid941 P94S (CCG-TCG) 1/30
Kid94 P94L (CCG-CTG) 1/30 The values are quoted to the limit of the data rather than to the
effective resolution of 1.4 A˚ (see text); outer shell resolution limits
The last column indicates the number of times a particular mutant and statistics are in parentheses.
was isolated in a collection of 30 nontoxic mutants analyzed. Rcryst 
 hkl(|Fobs|  |Fcalc|)/hkl|Fobs|; Rfree was calculated on 5% of the
data omitted randomly. Ramachandran plot statistics are calculated
according to PROCHECK [38].
dues around strand 5 (G70D, R73H, and D75N) may
lead to direct disruption of Kid-target interactions.
We have shown that Kid displays a notable structural
Arg 48 in CcdB) is intriguing, particularly as one of thesesimilarity with the E. coli F plasmid toxin protein CcdB
residues (Arg23 in Kid) is also conserved among thedespite having a very low sequence similarity. However,
Kid/pemK family. This flexible loop in CcdB has beenthe two proteins have different targets. CcdB targets
implicated in binding the CcdA antitoxin as a result ofthe A subunit of DNA gyrase and can poison the gyrase-
CcdA protection of CcdB from LysC protease activityDNA complex, blocking the passage of polymerases
[25]. If this loop is a general site of antitoxin interactionand damaging DNA [21, 22]. Unlike CcdB, Kid fails to
found in both Kid and CcdB, its conservation of useinduce the SOS regulon, and this indicates that it is
would imply a greater structural adaptability for regionsunlikely to be a DNA-damaging agent [12]. Furthermore,
of the toxin interacting with the cellular target than forwhile GyrA overproduction protects cells from the action
those interacting with the antitoxin. CcdA and Kis anti-of CcdB [21], moderate overproduction of the DnaB
toxins are not functionally interchangeable [12], and thishelicase can protect cells from Kid toxicity [13]. This
would indicate that specificity in the toxin-antitoxin in-protection suggests a functional interaction between
teraction has developed during evolution. This regionKid and DnaB; however, the full significance of this ob-
also contains residues implicated by our mutant analysisservation remains to be established.
in toxicity and target binding. Thus, it is possible thatThe functional differences between CcdB and Kid are
the Kid target and Kis binding sites overlap and thatreflected at the structural level. Mutation studies have
binding of Kis thus antagonizes the toxic effect of Kid.suggested a target interaction surface on CcdB that
The data presented here and elsewhere [12] stronglyinvolves the final 3 residues of its C-terminal helices [23,
suggest a common origin for parD and ccd systems. As24], that is, the opposite face of the protein to that
such, it is interesting to note that the ccd system isproposed for Kid-target interaction on the basis of the
confined to F-like plasmids, while parD-like systems areresults presented here. Identification of a limited cluster-
widespread in eubacterial genomes [1, 17]. This sug-ing of conserved residues between Kid and CccdB near
a highly flexible loop (Ser 47 to Arg53 in Kid; Ser 38 to gests an evolutionary advantage for parD-like systems
Figure 3. Sequence and Structural Comparisons with Kid
(A) Multiple sequence alignment of a representative selection of Kid-like plasmid maintenance proteins from various organisms. Secondary
structure elements identified by PROMOTIF [36] are shown for Kid (top row in red) and CcdB (bottom row in green). Point mutations which
conferred loss of toxicity are marked with a blue background on the kid sequence. Residues that are identical, based on the structural
alignments of kid and ccdb, are marked on the ccdb sequence in orange. For clarity, a 73 amino acid leader sequence was removed from
the C. acetobutylicum sequence and similarly, a shorter leader sequence was removed from the E. coli plasmid R100 Kid sequence. Organisms
whose kid-like sequences are included in the alignment are as follows: Kid plasmid R1 (E. coli), plasmid R100 (E. coli), Escherichia coli K12,
Leptospira interrogans, Xylella fastidiosa, Agrobacterium tumefaciens, Lactobacillus plantarum, uncultured organism, Nostoc sp. PCC 7120,
Bacillus halodurans, Bacillus subtilis, Clostridium acetobutylicum, Deinococcus radiodurans, Listeria innocua, Listeria monocytogenes EGD-
e, Mycobacterium celatum, Morganella morganii, Mycobacterium tuberculosis CDC1551, Neisseria meningitidis MC58, Staphylococcus aureus
subsp. aureus Mu50, and Staphylococcus epidermidis. CcdB from E. coli was aligned on a secondary structure similarity to Kid only. The
alignment was generated initially using the program ClustalX [37].
(B) A stereo view of the superimposition of Kid and CcdB dimers. Kid is shown in red while CcdB is shown in green. Cylinders represent 
helices and arrows represent  strands. View as in Figure 2B.
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443 solvent molecules and a well-defined phosphate ion. Residuescompared to ccd-like systems, for reasons that remain
Arg38A/B, Arg67A, Lys83A/B, and Lys88A/B showed weak densityto be determined.
and were truncated back to their C atoms. Residues Arg78A,
Arg92A, and Arg104B occupy dual conformations. The final refine-
ment statistics for the Kid model can be found in Table 2.Biological Implications
kid Mutant SelectionToxin-antitoxin systems are found in both bacterial chro-
Nontoxic kid mutants were selected among survivors expressingmosomes and their extrachromosomal elements and
the Kid protein in the absence of a functional Kis antitoxin. For this
have been ascribed a variety of functions. These include purpose, we used the parD plasmid pAB1120 (kis74, kid), conferring
the cellular response to stress, via limitation of protein resistance to kanamycin and carrying an amber mutation in the
and DNA biosynthesis through inhibition of translation antitoxin of the parD system (kis74). Failure to suppress this muta-
tion results in a truncated and inactive Kis antidote; under theseor replication, and the maintenance of plasmids. Thus,
conditions, cells are killed due to the activity of the nonneutralizedthese systems can be fundamental to properties such
Kid toxin [10]. The host used was OV2, an Escherichia coli K12 strainas antibiotic resistance and have value in potential bio-
carrying a supFts allele that allows suppression of amber mutations
technological applications. The E. coli plasmid R1 Kis/ at 30	C but not at 42	C [33]. Mutations abolishing the toxicity of Kid
Kid system encoded by the parD operon functions to were easily isolated in variants of pAB1120 present in this host that
maintain plasmid inheritance through the killing of plas- allow its survival at 42	C. The parD operon of the confirmed plasmid
mutants was sequenced as described [34] using appropriate primersmid-free daughter cells. This is achieved through the
and an automated ABI sequencer. A collection of 30 nonsense andtoxic effects of Kid protein on DNA replication that is
missense kid mutants were isolated, which can be found in Table 1.normally limited by the proteolytically sensitive Kis pro-
tein. Daughter cells lacking the R1 plasmid are not able
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